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ABSTRACT 
Secondary vortices have been observed in the near-wake of 
circular cylinders in the Reynolds number range of 1,200 to 
11,000.    Using both the hydrogen bubble flow visualization tech- 
nique in conjunction with an INSTAR high speed video system and 
hot-wire anemometry measurements, vortex shedding frequency 
data were collected and correlated.    It was concluded that 
"transition waves", reported by Bloor [1964], and secondary vor- 
tices are identical phenomena.    It was established that the non- 
dimensional shedding frequency of the secondary vortices demon- 
strates a 0.9 power-law relationship relative to Reynolds number, 
contrary to the 0.5 power-law reported by Bloor.    The results 
suggest that the vortices result from a near-wake free-shear 
instability which causes the separated cylinder boundary layer 
to roll-up into the secondary vortices.    Visual observations 
indicate a strong three-dimensional distortion of the vortices, 
immediately following formation, which may provide the mechanism 
for the transition from vortex streets to turbulence. 
1. INTRODUCTION 
Periodic shedding of vortices from circular cylinders has 
been studied for a little over a century. In that time, numerous 
experimental investigations of flow past a cylinder have been 
conducted for Reynolds numbers up to ten million [8,13-15,19,26]. 
The reason for the plethora of experimental work is that the 
shedding process is extremely complex, and, as yet, cannot be 
satisfactorily predicted by any available theoretical model. 
Thus, much of the information on vortex shedding is empirical. 
Early work on vortex shedding from circular cylinders done 
by Kovasznay [17], Roshko [25], and Tritton [30] concentrated on 
understanding the two-dimensional nature of the vortex shedding 
mechanism in the low Reynolds number range, 0<Re ,<1000. 
Kovasznay [17] performed extensive velocity studies with a hot- 
wire anemometer in air to reconstruct the cylinder near wake 
flow field. He found that a vortex street first appears at a 
Reynolds number of approximately forty. In the late fifties, 
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Roshko [25] released a number of landmark works on vortex shed- 
ding for the NACA. Using a hot-wire anemometer in air, Roshko 
identified and characterized the stages of development of turbu- 
lent vortex streets. He also reported the apparent existence of 
three-dimensional spanwise irregularities in the turbulent vortex 
streets. However, he did not pursue the structure of this three- 
dimensionality. Employing dye injection in water, Tritton [30] 
observed that Strouhal vortices do not necessarily shed parallel 
to the cylinder. This phenomenon has since been termed "slant- 
wise" shedding. In more recent times, Gerrard [10-12] has per- 
formed a number of hot-wire anemometry studies focussing on the 
near-wake region for a Reynolds number range, 1000<Recj<15,000. 
However, it was the results of his dye study [13] that were of 
particular interest to this investigation and will be addressed 
later in this section. 
In the sixties, the presence of three-dimensional structures 
in vortex streets became widely acknowledged [11,14,15]. Using 
dye in water, Hama [14] visually observed the spanwise waviness 
of the vortex street shed from a 0.635 cm diameter cylinder. 
While he concluded that he was observing the transition from 
laminar to turbulence in vortex streets, Hama did not speculate 
on the nature of the transition process. Humphreys [15] used 
silk threads on a large cylinder in air at high Reynolds numbers 
to observe a cellular pattern across the entire span of the 
cylinder. An intensive dye visualization study of the three- 
dimensional structures in the low Reynolds number range was 
performed recently by Gerrard [13]. Gerrard reported what he 
termed as "knots" and "fingers" regularly appearing in the flow. 
The "knots" appeared as small scale kinks in the nominally two- 
dimensional Strouhal vortices. The "fingers" were long stream- 
wise filaments of dye which appeared to connect adjacent Strouhal 
vortices of like rotation. He was not able to describe what 
caused the "knots" and the "fingers" and therefore did not pursue 
the matter. 
One aspect of the vortex shedding problem, the transition 
from vortex streets to turbulent wakes, is particularly relevant 
to the study of coherent structures in turbulence. It is hoped 
that a thorough understanding of transition processes will aid 
in understanding the more complicated problem of turbulence. 
To date, very  little is understood about the transition to tur- 
bulence from vortex streets. 
Recently, analytical studies of the evolution to turbulence 
of free-shear layers [2,7,19] have begun. Michalke [19] solved 
the Helmholtz equations for a perturbed free-shear layer with 
a hyperbolic tangent velocity profile. He found that the fre- 
quency at which the shear layer oscillates should scale on the 
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ratio of the free-stream velocity to the momentum thickness of 
the layer. Cain, Reynolds, and Ferzinger [7] performed a numer- 
ical solution using a finite element grid to show that a perturbed, 
unstable free-shear layer will deform with a spanwise waviness , 
leading to the appearance of streamwise vortices. They specula- 
ted that the waviness was caused by the interaction of the irre- 
gularities in the shear layer with the free floating stagnation 
line between two adjacent vortices. However, no attempt was made 
to apply this analysis to the separated boundary layer in the 
wake of a cylinder. 
Small scale structures in the near-wake of free-shear mixing 
layers, similar to those predicted by Cain, et. al. [7], have 
been observed experimentally [6,16], Briedenthal [6] used chem- 
ically reacting fluids to visually observe the spanwise waviness 
formed in the shear-layer. Observations made by Konrad [16] using 
shadowgraph techniques in high speed gases revealed long, stream- 
wise "braid" structures. Konrad speculated that the "braids" 
were hairpin vortices created by a Taylor instability in the 
shear-layer. He further speculated that these vortices contri- 
bute to the mass and momentum transfer between the high and low 
speed flows. He concluded that these transfer phenomena are the 
mechanism for the onset of turbulence in free-shear mixing layers. 
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An important work on the transition to turbulence of cylin- 
der wake flows was published by Bloor [3] in 1964. Employing 
hot-wire anemometers in air, Bloor observed an instability phe- 
nomenon in the near wakes of both a 0.635 cm and a 2.54 cm dia- 
meter cylinder. The phenomenon, termed "transition waves" by 
Bloor, were apparently unrelated to the Strouhal vortex shedding 
process. Bloor's results suggested that a square root power law 
relation exists between the nondimensional transition wave fre- 
quency and Reynolds number. She speculated that the transition 
waves were Tollmien-Schlichting waves in the separated boundary 
layer, and that these waves somehow contributed to the transition 
from vortex streets to turbulence. She did not speculate on how 
this process takes place. 
A problem with the experimental studies mentioned thus far 
was the resolution of the measurement techniques. Since an 
anemometer integrates across the entire length of the sensor, 
the resolution of an anemometer is limited by the sensor length. 
Thus, if the scale of a structure is smaller than the sensor 
length, these structures cannot be properly detected. In many 
of the previous studies, the sensor length, relative to the 
small scale structures in the cylinder near-wake, was quite large 
which may have severely biased the detection of the small scale 
behavior. Similarly, the diffusive nature of dyes and smoke can 
make visualization of small scale vortical structures extremely 
difficult. Unless the visualization medium is introduced directly 
into a small scale structure, the structure will be masked by 
the larger scales and the "history" effects of the flow on the 
injected media. Unfortunately, the new techniques (e.g., laser 
doppler anemometry) have not yet been employed in studying this 
problem. Even so, the laser doppler anemometer may also have 
detection problems due to finite probe volume constraints. 
Wei and Smith [31] used hydrogen bubbles in conjunction 
with a high-speed video recording system to observe "axial vortex 
pairs" in the near wake of a 1.27 cm diameter cylinder over a 
Reynolds number range of 100 to 3000. It was theorized that 
these vortices were stretched by the vortex street to form the 
"fingers" reported by Gerrard [13], Further, it was suggested 
that these vortex pairs were significant contributors to the 
transition from vortex streets to turbulence. 
The present study reports on a secondary vortex phenomenon 
which has been observed immediately downstream of the cylinder 
boundary layer separation point using the hydrogen bubble flow 
visualization technique. These vortices appear to be initially 
aligned with the cylinder axis of symmetry. However, they quickly 
deform into a cellular pattern. It is speculated that these 
secondary vortices deform to create the axial vortex pairs 
reported by Wei and Smith [31]. 
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It is also believed that the secondary vortices are the same 
phenomenon as Bloor's transition waves. Both phenomena are gen-, 
era ted immediately downstream of the boundary layer separation 
point, and seem to have similar shedding frequency characteris- 
tics. Thus, one motivation for this investigation was to deter- 
mine if the two phenomena are identical. 
Overall, the basic research objectives of this investiga- 
tion are: 
o to examine the characteristics of secondary 
vortices generated in the near-wake of cir- 
cular cylinders. 
o to correlate both flow visualization and hot- 
wire observations of the secondary vortices 
with the observations made by Bloor. 
o to suggest a mechanism by which the secondary 
vortices contribute to the appearance of tur- 
bulence in vortex streets. 
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2. APPARATUS AND EXPERIMENTAL METHODS 
The apparatus employed in this investigation consisted of a 
free-surface water channel, a set of right circular cylinders, a 
hydrogen bubble-wire flow visualization system, hot-wire anemo- 
metry equipment, and a high speed video recording system. The 
test section of the free surface water channel was made of plexi- 
glas, measuring 0.86 m x 0.30 m in cross section and 5.0 m in 
length. The maximum flow rate in the channel was 1500 gallons 
per minute with a turbulence intensity level of 0.3 percent. 
Details of the water channel can be found in the thesis by 
Metzler [20]. 
An INSTAR high-speed video system, built by the Video Logic 
Corporation, was used to film the hydrogen bubble visualized flow. 
Utilizing synchronized strobe lights, the system frames at a rate 
of 120 frames per second with an effective shutter speed of one 
ten-thousandth of a second. The system's unique advantage of 
variable slow-motion playback, still framing, and slow-motion 
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reverse playback allowed detailed analysis of complex, real-time 
phenomena. Hydrogen bubbles were generated using a 20 cm long, 
one mil diameter platinum wire. The bubble generator could pro- 
duce up to 0.5 amps of current at frequencies from 0 to 1 kHz. 
In addition, the duration of the generated pulses could be 
varied from zero to infinity. Additional information about the 
hydrogen bubble wire flow visualization system and the INSTAR 
video system were also provided by Metzler [20]. 
The remainder of this section will, be devoted to a descrip- 
tion of the cylinders used in this investigation, the anemometry 
equipment, and the method of gathering data. Detailed discussions 
of spanwise velocity variations in the channel, and a note on the 
use of electrolytes for the hydrogen bubble flow visualization 
technique are presented in Appendices 1 and 2, respectively. 
2.1 Cylinders 
Four right circular cylinders were used in this investiga- 
tion. The cylinders were 0.86 m long with outer diameters of 
2.54 cm, 3.81 cm, 4.83 cm, and 5.84 cm, respectively. The small- 
est three cylinders were sections of extruded plexiglas tubing; 
the largest was a section of extruded poly-vinyl chloride, PVC, 
tubing. Each cylinder was smooth to the touch. 
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The support structure for each of the largest three cylinders, 
shown in Figure 1, consisted of a pair of PVC plugs which fit 
snugly into the ends of the cylinder and a pair of support arms 
which held the cylinder firmly in the channel.    The function of 
the plugs was to provide the cylinders with rigid surfaces to 
which the support arms could be fixed.    Each plug was shaped from 
a 5.08 cm long section of PVC rod with all but 0.32 cm of the 
plug length machined to match the inner diameter of the corre- 
sponding cylinder.    The remaining 0.32 cm length was turned down 
to the outer diameter of the cylinder.    The plug was then center 
drilled and tapped to accommodate a 1/4 x 20 flat-head screw. 
Finally, a 0.32 cm deep slot was milled into the large diameter 
end of the plug. 
The support arms were cut from a 0.32 cm thick sheet of 
plexiglass to the shape indicated in Figure 1.    The shape of the 
support arms was chosen to minimize the parasitic effects of the 
support structure by locating the cylinder upstream of the support 
arms.    The forward projecting part of the support arm was counter- 
sunk to accommodate a 1/4 x 20 flat-head screw. 
Mounting a cylinder in the channel was a relatively simple 
procedure.    First, a plug was inserted into each end of the 
desired cylinder.    The support arms were then fitted into the 
slots in the plugs and bound firmly to the plugs with 1/4 x 20 
• !!■ 
CYLINDER 
PLUG 
-T-20FLATHEAD 
SUPPORT 
ARM 
Figure 1 Schematic diagram of the cylinder support configur- 
ation for the largest three cylinders. 
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brass flat-head screws. This assembly was placed in the channel 
with the cylinder upstream of the support arms. One support arm 
was clamped against the channel side wall with the top edge of 
the arm flush with the top edge of the channel side wall. The 
same procedure was followed for the other support arm. Care had 
to be taken to insure that the cylinder was subsequently aligned 
perpendicularly to the oncoming flow. This was generally done by 
eye with satisfactory results. 
The smallest diameter cylinder, 2.54 cm, did not have this 
rigid support structure. In lieu of the plugs, this cylinder was 
initially hung from a smaller 1.27 cm diameter section of plexi- 
glass tube as shown in Figure 2. For added rigidity, a steel rod 
was force fitted into the center 0.7 m of the 1.27 cm diameter 
tube. 
This support configuration was most unsatisfactory. Ulti- 
mately, the early results from the data taken with this cylinder 
led to the discovery of a flow induced vibration effect on the 
shedding frequency of the secondary vortices. Cloth plugs, strips 
of cloth wrapped tightly around the 1.27 cm cylinder ends filling 
the gap between the 1.27 cm and the 2.54 cm cylinders, were sub- 
sequently used to eliminate the vibration in the cylinder. The 
plugs are shown in Figure 3(b) and are contrasted with the original 
support configuration, Figure 3(a). Exact details of the vibration 
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2.54cm CYLINDER 
BRASS 
SCREW 
1.27 cm SUPPORT ROD 
STEEL STRUCTURAL 
ROD 
SUPPORT 
ARM 
Figure 2.  Schematic diagram of the cylinder support configur- 
ation for the 2.54 cm cylinder. 
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2.54 cm CYLINDER 
1.27cm SUPPORT 
ROD 
CLOTH 
STRIP 
OBLIQUE VIEW 
SIDE VIEW 
(a) (b) 
Figure 3.  (a) Comparative schematic of the original 2.54 cm 
cylinder support configuration, and (b) the modified 
configuration. 
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problem and its remedy are left to the discussion of the vibration 
experiment in Section 3.3.5. 
2.2 Anemometry Equipment 
The hot-wire anemometry equipment included a DISA type 55D01 
constant temperature anemometer, a DISA type 55R11 probe, a Krohn- 
Hite model 3700 band pass filter, and a Digital Equipment Corpora- 
tion (DEC) MINC-11 mini-computer, The mini-computer, with an LSI 
11/03 microprocessor, was used to assist in data acquisition and 
analysis. It was equipped with a 12 bit mantissa, DEC MNCAD, 
analog to digital converter. The only input/output device was a 
VT100 video terminal. At the time of the secondary vortex inves- 
tigation, there was no hard copy unit for the MINC. 
2.3 Data Acquisition Technique 
Data acquisition for the secondary vortex investigation 
entailed collecting shedding frequency information for a variety 
of flow conditions, and the recording of video tape sequences of 
hydrogen bubble visualized flow. Over forty combinations of free 
stream velocity, surface roughness, cylinder support structure, 
and cylinder diameter were examined during the course of the 
investigation. Each combination of these four variables consti- 
tuted one data set. The method of data collection will be dis- 
cussed in this section. 
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For each set of conditions, the channel  center!ine velocity 
and the water temperature were measured, and a side-view video 
tape sequence was taken.    The shedding frequencies of the Strouhal 
vortices and the secondary vortices were then determined by review- 
ing the side-view video tape,    Top-view video sequences were also 
recorded for selected sets of conditions. 
Figures 4 and 5 are schematics showing the experimental con- 
figurations used for the side-view and the top-view visualization 
sequences.      The origin of the coordinate system was centered on 
the cylinder axis of symmetry with all measurements taken at the 
spanwise center of the channel,  z/L = 0.    The x-coordinate is 
defined as positive for locations downstream of the cylinder axis; 
the y-coordinate is positive for locations above the cylinder axis. 
The mean value of the channel centerline velocity, based on 
the average of six measurements, was used as the characteristic 
velocity.    While this measuring technique may introduce a one- 
sided bias because of the spanwise velocity variation in the 
channel  (see Appendix 1), the qualitative results will not be 
affected. 
The shedding frequencies of the Strouhal  vortices and the 
secondary vortices were determined from the video tape sequences. 
This was done either in real time or in slow-motion playback, 
depending on the frequency.    Both types of vortices were most 
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VERTICAL PROBE 
FLOW 
DIRECTION 
CAMERA 
Figure 4.     Oblique view schematic showing the relative placement 
of the vertical-bubble wire, the cylinder, and the 
video camera.    Coordinate system is centered on the 
cylinder axis of symmetry at the center of the channel 
•18- 
\^J      ^-CAMERA 
HORIZONTAL 
PROBE 
FLOW 
DIRECTION 
CYLINDER 
Figure 5.  Oblique view schematic showing the relative place- 
ment of the horizontal bubble wire, the cylinder, 
and the video camera. Coordinate system is centered 
on the cylinder axis of symmetry at the center of 
the channel. 
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easily observed when viewed from the side with the vertical bubble 
wire configuration shown in Figure 4. The video camera was posi- 
tioned so that the cylinder would appear in the far left of the 
video screen, and the flow would be left-to-right. 
The frequency of shedding of the Strouhal vortices was deter- 
mined by measuring the time required for fifty vortices of like 
rotation to pass across the video picture. Five such readings 
were averaged for each set of flow conditions. For Strouhal fre- 
quencies much lower than 1.0 Hz, the number of Strouhal vortices 
counted was reduced to twenty-five. The shedding frequency of 
the secondary vortices was obtained by noting the time required 
for the separated boundary layer to oscillate one hundred times. 
The oscillations were made visible by the bubbles rising from the 
almost stagnant flow in the formation region. Again five indivi- 
dual measurements were averaged for each test condition. 
This method of counting "vortices" was the most reproducable 
way of determining the secondary vortex shedding frequency. This 
was because the oscillating separated boundary layer was essen- 
tially two-dimensional immediately downstream of the separation 
point. As will be shown in Section 3.1, the secondary vortices 
roll-up from the oscillating layer in a cellular manner and are 
often not marked by the hydrogen bubbles. Therefore, it was found 
to be more consistent to monitor the oscillations of the separated 
boundary layer than the vortices. 
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To examine the three-dimensional deformation of the secon- 
dary vortices, top-view video sequences were recorded for a num- 
ber of conditions using the horizontal bubble-wire configuration 
shown in Figure 5. The wire was positioned consistently at the 
location, x/d = 0.5, and y/d = 0.5. The video sequences were 
taken with the trailing edge of the cylinder aligned with the top 
of the picture, and the flow from top-to-bottom. It was these 
studies which clearly revealed the spanwise cellular structure 
created by the three-dimensional deformation of the secondary 
vortices. Representative sequences of the video tape studies are 
presented in conjunction with the results in Section 3.1. 
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3.    RESULTS AND DISCUSSIONS 
Every combination of cylinder diameter, surface roughness, 
and cylinder support structure was examined over the free-stream 
velocity range from 0.05 m/s to 0.18 m/s.    This range allowed 
examination of an overall Reynolds number range of approximately 
1,200 to 14,000.    The results of these studies are presented 
in this section. 
3.1    Photographic Results 
During this investigation, a number of top and side-view 
video sequences were recorded of the hydrogen bubble visualized 
flow.    Photographic segments of these sequences will be pre- 
sented to illustrate the secondary vortex development.    Photo- 
graphs were taken from the video monitor in stop-action mode 
using a polaroid camera. 
Figure 6 is a set of photographs from a side-view video 
sequence which shows the secondary vortices as they appear at 
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a Reynolds number of 2900.   The flow was visualized with a 
vertical bubble wire which extended well above and below the 
cylinder.    The nondimensional time lapse, tlWd, between con- 
secutive photographs is 0.49, equivalent to 10% of the Strouhal 
vortex shedding period.    Schematics of the photographs are 
included to highlight the salient features of each photograph. 
As shown in Figure 6, the secondary vortices form in the 
shear layer between the free stream and the separation region, 
hereafter referred to as the separated boundary layer.    The 
vortices are carried downstream by the Strouhal vortices,  the 
flow field looking not unlike a fern's wheel of secondary vor- 
tices riding on the perimeter of a Strouhal vortex.    The sche- 
matic diagrams accompanying the photographs illustrate this 
interaction.    Each secondary vortex has been given an identifi- 
cation label.    The letters, t and b, denote whether the secon- 
dary vortex was generated from the top or bottom of the cylinder, 
and the numbers signify the order in which the vortices were shed. 
Figures 7 and 8 are photographic sequences of top-view 
video tape segments showing the three-dimensional nature of the 
secondary vortices.    The Reynolds numbers were 2400 and 4530 
based on a cylinder diameter of 3.81 cm.    The video pictures were 
taken with the trailing edge of the cylinder roughly aligned 
with the top edge of the screen and the flow top-to-bottom.    The 
■23- 
0.49 
0.98 
1.47 
1.96 
2t     It 
lb 
\ 
\ 
-B 
3t 2t 
3b   2b    lb 
4t     3t 
Figure 6.      Side-view photographic sequence with schematics show- 
ing secondary vortices shed from the 4.83 cm cylin- 
der at Re,j = 2900.   The numbers indicate the order 
of shedding from the (t) top or (b) bottom of the 
cylinder,    t* = AtlL/d. 
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nondimensional time lapse between successive photographs is 
0.64 in Figure 7 (i.e. 13% of the Strouhal vortex shedding 
period), and 1.21  for Figure 8 (i.e. 25% of the Strouhal shedding 
period).    Schematic drawings of the secondary vortices, shown 
as solid lines, have been included to aid in interpreting the 
pictures.    The sense of vorticity is indicated by arrows. 
The vertical  streaks of hydrogen bubbles in Figure 7(a) 
illustrate the cellular nature of the secondary vortices and 
also serve as evidence of the streamwise stretching of the vor- 
tices.   At the top of the figure, a new secondary vortex is 
forming.    Note that there appears to be a feedback mechanism 
between old and new vortices, evidenced by the lining up of 
new cells behind older cells. 
The perpetuation of vortex cells is  illustrated in Figures 
7(b)  and (c).    In Figure 7(b), the vortex line which was form- 
ing at the top of Figure 7(a) has now progressed to the center 
of the picture.    At the top of the photograph a new secondary 
vortex is forming.    That the cells of this new vortex align 
with the cells of the previous vortex is strikingly obvious. 
This alignment is subsequently repeated by the second and third 
vortices in Figure 7(c). 
The roll-up of a Strouhal vortex can be deduced by observ- 
ing the forward progress of the secondary vortices in Figures 
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Figure 7.  Top-view photographic sequence with schematics show- 
ing the cellular deformation of the secondary vortices 
shed from the 3.81 cm cylinder at Red = 2400. t* = 
AtU„/d. 
7(c) and (d). The streamwise velocity component at the leading 
and trailing edges of a forming Strouhal vortex approaches zero. 
On the underside of the vortex, the streamwise velocity compo- 
nent is negative. Thus, when viewed from above, a secondary vor- 
tex interacting with the forming Strouhal vortex appears to stop, 
reverse direction, and coalesce with other secondary vortices. 
The three-dimensional deformation of the secondary vortices thus 
accounts for the irregular shape of the Strouhal vortex in 
Figure 7(a). 
Figure 8 shows the flow over the same cylinder at a higher 
Reynolds number. While the streamwise alignment of secondary 
vortex cells is visible, it is more irregular and less defined 
than for the lower Reynolds number case, It also appears that 
the spanwise scale of the secondary vortex cells is smaller at 
this higher Reynolds number. 
A final top view photographic sequence is shown in Figure 9. 
For this sequence, the cylinder diameter was 4,83 cm, and the 
Reynolds number was 3570. The nondimensional time lapse between 
successive photographs is 0.59, equivalent to 12% of the Strouhal 
vortex shedding period. 
In this sequence, the cellular structure of the secondary 
vortices appears less developed than in the smaller diameter 
sequences. In fact, no secondary vortex cells are readily 
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Figure 8.  Top-view sequence showing the cellular deformation 
of the secondary vortices shed from a 3.81 cm cylin- 
der at Red = 4530. t* = AtlWd. Note that the cells 
are less organized (i.e. more turbulent) than those 
in Figure 7. 
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Figure 9.     Top-view sequence showing the cellular deformation 
of the secondary vortices shed from a 4.83 cm cylin- 
der at Red = 3570.    t* = AtU«,/d.    Note the lack of 
cellular development relative to Figures 7 and 8. 
apparent until the third frame, Figure 9(c), In Figure 9(a), 
the remnants of a secondary vortex cell stretch across the left 
two-thirds of the photograph. While the streamwise alignment 
of subsequent cells can be seen to develop in Figures 9(b) and 
(c), a well developed cell does not appear until Figure 9(d). 
The alignment of vortex cells is evident in Figure 9, sup- 
porting the hypothesis of a feedback mechanism. However, the 
number of spanwise cells per unit span appears to be lower for 
the larger diameter cylinder. This raises the question of 
whether or not the secondary vortices are affected by changes 
in cylinder diameter. A more extensive discussion of this prob- 
lem will be presented in Section 3.3. 
3.2 Hypothesized Model of the Secondary Vortex Development 
The secondary vortices are believed to be the three- 
dimensional roll-up of an amplified instability in the separated 
boundary layer. If the boundary layer is thought of as a sheet 
of vortex lines initially parallel to the z-axis, the roll-up 
can be described graphically by showing the evolution of a single 
vortex line starting immediately downstream of the separation 
point. An idealization of this process is shown schematically 
in Figure 10. 
Figure 10 is a series of three top-views showing the defor- 
mation of an initially two-dimensional vortex line. The direction 
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Figure 10.    Top-view schematic sequence illustrating the growth 
of spanwise waviness in secondary vortices,    (a) An 
initially straight vortex line,  (b) deforms under 
three-dimensional perturbations, (c) and becomes more 
wavy by self-induction.    Flow is top-to-bottom. 
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of the flow in each view is top to bottom, with the sense of 
the vorticity being indicated by arrows. The time lapse between 
Figures 10(a) and (c) is less than one quarter of the Strouhal 
vortex shedding period. 
In Figure 10(a), the vortex line is two-dimensional. As 
the vortex line convects downstream, three-dimensional irregular- 
ities in the flow (possibly feed-back from previously deformed 
secondary vortices) perturb the line. Stability theory predicts 
that once perturbed, the line will continue to deform by self- 
induction (Figure 10(b)) developing a large amplitude spanwise 
waviness. It is hypothesized that the trailing regions of the 
deformed line (Figure 10(c)) coalesce with other similarly 
deformed lines creating the secondary vortices. 
It is clear from Figure 10(c) that the three-dimensional 
deformation of the vortex lines can introduce streamwise vor- 
ticity to the flow field. As the amplitude of the spanwise 
waviness shown in Figure 10(c) continues to grow, the streamwise 
vorticity will be further stretched by the roll-up of the Strouhal 
vortex. 
Figure 11 is an oblique diagram showing a three-dimensional 
vortex line interacting with a Strouhal vortex. The Strouhal 
vortex is depicted as a sheet, while the vortex line is indica- 
ted by a line superimposed on the Strouhal vortex. The flow is 
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Figure 11. Oblique view illustrating the interaction between 
a secondary vortex and a Strouhal vortex. Section 
A-A shows the appearance of an axial vortex pair. 
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left-to-right.    The rotation of the Strouhal vortex primarily 
influences the leading segments of the vortex line.    Because 
the local velocity of the Strouhal vortex is higher than the 
velocity at the separation point, the leading segments of the 
vortex line will move faster than the trailing segments.    This 
accentuates the amplitude of the spanwise waviness, and results 
in the stretching of the streamwise vorticity.    Section A-A will 
appear as a pair of counter-rotating vortices with vorticity 
aligned in the vertical direction.    It is believed that these 
vortices are the        "axial vortex pairs"      reported by Wei and 
Smith  [31].    A photograph of the vortex pairs observed by Wei 
and Smith for a 1.27 cm cylinder at a Reynolds number of 1460 
is shown in Figure 12, 
Figure 12 illustrates the contribution of the vortex pairs 
(i.e.  secondary vortices) to turbulent mixing.    That vortices 
can be visually observed indicates that mixing is taking place; 
unmarked fluid passing through the bubble sheet creates the 
mushroom shapes identified as vortex pairs.    Because the secon- 
dary vortices lie in the separated boundary layer, the vortices 
entrain both high-speed fluid down into the formation region, 
and eject low-speed fluid up into the free stream.    It is believed 
that this mixing plays a key role in the transition from vortex 
streets to turbulent wakes. 
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Figure 12.    Top-view photograph of axial 
1.27 cm cylinder at ReH = 1460. 
vortex pairs behind a 
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3.3   Quantitative Results 
3.3.1    Relation Between f,-/f   and Re. 
The first task of the quantitative study was to establish the 
dependence of the nondimensional secondary vortex shedding fre- 
quency on Reynolds number.    Figure 13 shows a log-log plot of the 
results with the circular, square, and diamond symbols repre- 
senting the data for the 2.54 cm, 3.81  cm, and 4.83 cm cylinders, 
respectively.    The error bars represent one standard deviation 
about the mean of the measurements taken for each point.    It was 
noticed that the data lies approximately on a straight line sug- 
gesting that a power-law relation exists between the shedding 
frequency and Reynolds number. 
Thus, each set of data in Figure 13 were fitted to a power 
law curve using regression techniques. The resulting equations 
were: 
fi/fv = (Red/27°)°'904 5 for d = 2.54 cm 
and 
Vfv = (Red/284)°'9°7 ' for d = 3*81 cm 
Vfv = (Red/297)°'907 , for d = 4.83 cm. 
The apparent similarity between data sets suggests a general 
relation of: 
Vfv = ev285)0,9 
which might be independent of diameter. 
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Figure 13. Plot of the nondimensional shedding frequency versus 
Reynolds number for the smallest three cylinders, 
The equation of the representative line is: 
fi/fv = (Red/285)0-9 . 
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A hypothesis test was established to determine within 90% 
accuracy whether the regression curve for one cylinder was 
statistically indistinguishable from the regression curves of 
the other two cylinders. The results of the test, the test for 
the equality of two lines outlined by Neter and Wasserman [23], 
suggested that the regression lines were indistinguishable. 
However, this result does not necessarily imply that shedding 
frequency is diameter independent, since there may be other 
variables whose effects cancel the diameter effect. 
The positive slope of the data in Figure 13 supports the 
speculation that secondary vortices contribute to transition 
5 
in vortex streets. As the Reynolds number approaches 10 , the 
limit where the cylinder boundary layer becomes turbulent and 
the vortex street disappears, it is expected that the secondary 
vortices will be the dominant structure in the cylinder near 
wake. Bloor [3] reported that the point at which transition 
from laminar vortex streets to turbulent streets occurs will 
move continually closer to the cylinder with increasing Reynolds 
number. She found transition waves appear coincidentally with 
this transition in vortex streets, 
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3.3.2 Surface Roughness Study 
A second task was to determine if the nondimensional 
shedding frequency of the secondary vortices was affected by 
the surface finish of the cylinder. The 4.83 cm cylinder was 
tested before and after the cylinder surface was roughened with 
a rasp. The nondimensional mean roughness height, e/d, was 
estimated to be 0.002. Using the similarity solution in 
Schlichting [27] for the boundary layer thickness over a circu- 
lar cylinder, this roughness was determined to be on the order 
of 10% of the boundary layer thickness for the highest free- 
stream velocity. 
The results of this task are presented in Figure 14. The 
smooth surface data are represented by open points with a solid 
regression line, while the solid points and the dotted regression 
line correspond to the rough"surface data. The equations for 
the smooth and rough cylinder data, respectively, are: 
Vfv = CV297)0-907 
and 
Vfv = (Re/416)0'863        • 
The results of the test for the equality of two lines [23] indi- 
cate that the lines are not indistinguishable. 
It seems unlikely that there would be a surface roughness 
effect since the large favorable pressure gradient on the leading 
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Figure 14.    Plot of the frequency data for a rough and a smooth 
4.83 cm cylinder.    The equation of the solid line is: 
fj/fv = (Red/297)0-907 while the equation for the 
dotted line is:    fj/fv = (Red/416)°-863 . 
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edge of the cylinder should damp out surface roughness effects. 
The discrepancy between the suggested outcome and the results 
of the statistical tests is believed to be caused by the statis- 
tics. 
Unless all of the experimental uncertainties are  represen- 
ted in the data, the validity of a statistical   test is question- 
able.    In this  investigation,  no more than six points were taken 
per cylinder which was insufficient to represent the uncertain- 
ties.    Had more data been available, it  is believed that the 
statistics would have predicted the absence of a surface rough- 
ness effect. 
3.3.3   Reproducability of the Data 
The results of the third task, examining the reproducability 
of the data, are shown in Figure 15.   Two virtually identical 
tests were run for the 3.81 cm cylinder.    The only difference 
between the tests was that the cylinder was filled with  sand in 
one case and empty in the second case, a  difference which was 
subsequently found to be insignificant.     The data representing 
the sand filled cylinder are shown with open points and a solid 
line.    The equation of the line is: 
Vfv = (Red/284)0-907 
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Figure 15.    Plot of the frequency data for identical tests on the 
3.81  cm cylinder.    The equation of the solid line 
(open points)  is: fj/fv = (Red/284)0-907 
tion of the dotted 
(Red/681)0-960 
line (solid points) is: 
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The empty cylinder data are shown as solid points, The regression 
equation for these data, represented by the dotted line, is: 
fyfv = (Red/681)0'960  . 
Application of the Neter and Wasserman test [23] indicated that 
the lines were different. Since there is physically no reason 
to expect a difference, the implication is that the flow visual- 
ization data are reproducable to no better than ten percent. 
3.3.4 Channel Blockage Effects 
Figure 16 depicts Strouhal frequency data for all four . 
cylinders, with Strouhal number, f d/Ua,, plotted against the log 
of the Reynolds number. The circular, square, diamond, and tri- 
angular symbols represent the 2.54 cm, 3.81 cm, 4,83 cm, and 
5.84 cm cylinder data, respectively. The corresponding blockage 
ratios, cylinder diameter over channel depth, were 0.10, 0.15, 
0.20, and 0.25. 
The data in Figure 16 predicts a Strouhal number of 0.22 in 
the Reynolds number range of 1000 to 5000. However, there is an 
unexpected decrease in Strouhal number for Reynolds numbers 
above 5000. This decrease particularly applies to the larger 
two cylinders, leading to the speculation that there may be a 
channel blockage effect. However, it is unclear what causes 
the Strouhal numbers that behave in this manner. 
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Figure 16. Strouhal number versus Reynolds number plot for all 
four cylinders. Notice the roll-off above Red=5000, 
attributed to channel blockage effects, 
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The speculation of a blockage effect is supported in 
Figures 17 and 13.    The regression line of the 5.84 cm cylin- 
der data, isolated in Figure 17, is: 
yfv = (Re/1166)1-20 , 
which is quite different from the representative line of the 
smaller cylinder data: 
yfv = (Red/285)0,9 . 
The equations suggest that the effect of blockage is to cause an 
increase in the power-law relation between nondimensional fre- 
quency and Reynolds number. 
This effect may be caused by a decrease in the boundary 
layer thickness due to the acceleration of the flow around the 
cylinder. For a 25% blockage ratio, the decrease in the boundary 
layer thickness is on the order of ten percent. It is speculated 
that this decrease will manifest itself as an increase in the 
rate of secondary vortex formation. While this increase, com- 
bined with the nonlinear decrease in the Strouhal frequency, 
could account for the steeper slope of the 5.84 cm cylinder data, 
it does not explain the apparent bifurcation between the 5.84 cm 
data and the smaller cylinder data at low Reynolds numbers. 
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Figure 17.    Frequency plot for the 5,84 cm cylinder data (dotted 
line representing the equation: fj/fv = (Red/4800)1-20), 
compared with the representative line of the smallest 
three cylinders (solid line)given by: f-,• /fv = (Red/285)0-9. 
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3.3.5    The Effect of Flow Induced Vibrations 
The final task was to examine the effect of flow induced 
vibrations on the nondimensional shedding frequency of the secon- 
dary vortices.    The 2.54 cm cylinder was tested in the Reynolds 
number range of 1400 to 4500, for two different mounting configur- 
ations.    In one case, the cylinder was free to vibrate with the 
pressure fluctuations in the flow; for the second case, the vibra- 
tions were suppressed.    Exact details of the two mounting con- 
figurations were given in Section 2. 
The results of the study are shown in Figure 18.    The hollow 
points and the dashed regression line represent the data for 
the vibration free case while the vibrating cylinder data are 
shown as solid circles with a solid regression line.    The equa- 
tions for the two lines are: 
Vfv = (Red/269)0-904 
for the vibration free data, and: 
Vfv = (Red/300)0'650 
for the vibrating cylinder data.    It would thus appear that flow 
induced vibrations significantly diminish the power law growth 
of the secondary vortex shedding frequency. 
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Figure 18. Frequency plot showing the effect of flow induced 
vibrations.    The vibration free data (dotted line) 
is represented by:    f./fy = (Red/269)0-SOk .    The 
vibration affected cylinder data (solid line) is 
given by:    fj/fy = (Red/300)0-650 . 
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3.4   Anemometry Study 
An attempt was made to reproduce the power-law relation for 
secondary vortex shedding using a hot-wire anemometer as a detec- 
tion device.    A schematic diagram of the anemometry equipment 
is presented in Figure 19.    The anemometer probe was placed at 
the nondimensional location, x/d = 0.6, and y/d = 0.6, consistent 
with the previous experimental study of Bloor [3].    The anemo- 
meter signal was filtered and then input into the MINC-11 mini- 
computer.    Data were obtained from a FORTRAN program, SPECT1, 
which performed a fast Fourier transform of the data yielding 
power spectra of the filtered anemometer signals. 
The nondimensional secondary vortex shedding frequency 
data are shown in Figure 20, plotted in log-log form as a func- 
tion of Reynolds number.    For comparison, the regression line 
of the lumped (i.e. combined-3.81 cm, 4.83 cm, and 5.84 cm data) 
anemometry data, and the representative line of the flow visual- 
ization data are shown in Figure 21.    The equations of the lines 
are: 
Vfv = (Red/410)0'773 
for the lumped anemometry data, and: 
Vfv = ev285)0,9 
for the lumped flow visualization data. Clearly, the lines appear 
to be different. 
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Figure 19.    Schematic of the hot-wire anemometry equipment, 
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Figure 20.    Plot of the frequency data from the hot-wire anemo- 
meter of the largest three cylinders (open points), 
Bloor's 0.63 cm (v) and 2.54 cm (0) cylinder data 
are included for comparison. 
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Figure 21. Comparison of the regression line of the combined 
(i.e. lumped) anemometry data (dotted line) and the 
representative line of the flow visualization data 
(solid line). The equations of the two lines are 
fi/fy = (Red/105)°'7?3 
for the anemometry and 
tively. 
and 
the 
fj/fv = (Red/285)°.9, 
visualization data, respec- 
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Unfortunately, problems arose during the data acquisition 
stage of this study.    One problem was identified to be the 24 db 
per decade attenuation slope of the Krohn-Hite filter.    The 
slope was not sufficiently steep to filter the Strouhal vortex 
signal without simultaneously attenuating the secondary vortex 
signal.    For example, at the low Reynolds number end of this 
study, both frequencies were less than 1Hz.    But, because of the 
attenuation slope, the high pass filter had to be set above 1Hz 
to eliminate the Strouhal  signal.    Obviously,  the secondary vor- 
tex signal was also affected.    Another problem was the inter- 
mittent secondary vortex signal, caused by the spanwise drifting 
of vortex cells, was often virtually eliminated by SPECT1 through 
an averaging process.    The end result of these two problems was 
that much of the data that appears in Figure 20 was selectively 
taken to satisfy the expected outcome.    Since no permanent record 
of the data exists,  it is impossible to determine which points 
were valid and which ones were not.    Additional  points at the 
high Reynolds number end of Figure 20 are also suspect because 
of the speculated channel  blockage effect. 
While it is impossible to determine which data are valid, 
all of the data, valid or not,  lie in the region of the Bloor 
data and the flow visualization data.    Therefore, it is believed 
that the anemometry results do show a correlation between the 
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Bloor transition waves and the secondary vortex phenomenon within 
the limits of the experimental error. This is supported by a 
lack of visual evidence of additional phenomena in the near 
wake region having frequency characteristics similar to the 
secondary vortices. 
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4. GENERAL DISCUSSION AND COMMENTS 
The hypothesized model of secondary vortex development is 
consistent with previous observations of three-dimensional struc- 
tures in the near-wake of cylinders. The cellular deformation of 
the vortices was shown to result in "axial vortex pairs" [31], 
which are subsequently stretched by the action of the Strouhal 
vortices to form "fingers" [13], Gerrard's "knots" [13] are 
probably "axial vortices" [31] but his dye visualization technique 
did not allow him to observe the rotational motion of the struc- 
tures. The similarities between the secondary vortex development, 
free-shear layer transition [6], and Tollmien-Schlichting waves 
beg speculation of the existence of a universal transition mech- 
anism. Bloor [3] was leading to such a speculation when she hypo- 
thesized that her "transition waves" were Tollmien-Schlichting 
waves generated in the separated boundary layer. 
One of the objectives of this investigation was to correlate 
the transition wave data of Bloor with similar data taken for the 
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secondary vortices. Figure 22 compares the flow visualization 
data with Bloor's data. Although there is no statistical corre- 
lation between the data, there is also no apparent reason why the 
lines should be different. The flow visualization observations, 
presented in Section 3.1, showed no evidence of an additional 
structure in the near-wake region with shedding frequencies similar 
to the secondary vortices. Further, it is unlikely that such a 
phenomenon would occur. Thus, within the limitations of this 
investigation, there is a positive correlation between transition 
waves and secondary vortices. It remains to explain the discre- 
pancy between Bloor's data and the present data. 
Bloor used dimensional analysis to explain the 0.5 power 
law scaling of transition wave frequency on Reynolds number. She 
assumed that f scaled on IL/d, and that f. scales on U<»/6. She 
then used the flat plate boundary layer thickness relation, 
-h 1/2 tS/d^Uoo ^ to obtain the ratio, fj/f^Red  . Bloor cited her 
2.54 cm cylinder data to support the validity of her analysis. 
There are two flaws in that analysis. Firstly, a cylinder is 
not a flat plate and the cylinder boundary layer grows much more 
slowly than a flat plate boundary layer. Secondly, Bloor uses 
three data points to support her analysis which is statistically 
very weak. This is especially true since two of the points were 
taken at the same Reynold's number. In fact, the slope of the 
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Figure 22.    Plot of the nondimensional shedding frequency versus 
Reynolds number for the smallest three cylinders. 
The equation of the representative line is: 
fi/fy = (Red/285)0-9.    Bloor's 0.63 cm (A) and 2,54 
cm (•) cylinder data are included for comparison. 
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regression line including all of Bloor's data is close to 0.75, 
closer to the 0.9 power determined from this investigation than 
to the 0.5 power proposed by Bloor. A final weakness, a weakness 
of the overall investigation, was that Bloor did not explore the 
effects of external disturbances on her results. While her data 
were probably not affected by channel blockage or spanwise velo- 
city irregularities, it is unclear whether her cylinders were 
free of other parasitic effects (e.g., flow induced vibrations). 
These weaknesses combine to raise doubts about the 0.5 power 
relation proposed by Bloor. Because of the large favorable 
pressure gradient on the leading edge of the cylinder, it is prob- 
able that the boundary layer thickness should scale on an inverse 
power of Reynolds number significantly larger than 0.5 and prob- 
ably less than unity. The results of this investigation indicate 
that that power may be 0.9, meaning the power law between non- 
dimensional frequency and Reynolds number would also be 0.9. This 
value is not only consistent with the results, it also accounts 
for the physical reality of the favorable pressure gradient. 
An underlying assumption in the dimensional analysis was 
that secondary vortices are created from a free-shear instability. 
This is intuitively reasonable because neither vortical nor wave- 
like structures were observed in the boundary layer. Further, 
as stated in Section 3.3.2, any structures in the boundary layer 
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are likely to be diminished by the pressure gradient.    An analy- 
tical investigation is needed to rigorously verify this free- 
shear assumption. 
Extrapolation of the 0.9 power relation to low Reynolds num- 
bers indicates that the secondary and the Strouhal shedding fre- 
quencies will be equal at the Reynolds number where turbulent 
vortex streets first appear, approximately 300.    This leads to 
the speculation that it may be the onset of the secondary vor- 
tex behavior which initiates the transition from vortex streets 
to turbulence.    Investigation of the low Reynolds number behavior 
would provide more information on the origin of the vortices, 
and their role in the transition process. 
The mixing mechanism, proposed in Section 3.2, could seriously 
disrupt the vortex street at high Reynolds numbers.    At large Rey- 
nolds numbers, more secondary "vortices are generated per Strouhal 
vortex (i.e. turbulent mixing is increased).    Eventually, the mix- 
ing could become strong enough to destroy the vortex street.    It 
is further possible that the mixing might disrupt the development 
of discrete secondary vortices.    Further investigation into this 
matter is warranted. 
It is as yet unclear whether secondary vortices scale only on 
flow speed.    Figure   9   suggests that the cellular structure is 
less developed for large diameter cylinders than for the smaller 
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cylinders in the same Reynolds number range. Obviously the boun- 
dary layer of a large cylinder will be thicker than that for a 
smaller cylinder at the same Reynolds number. If secondary vor- 
tices are generated in the separated boundary layer, there should 
be a boundary layer thickness dependence as well. An attempt was 
made to find a scaling factor based on the boundary layer momentum 
thickness at the separation point. However, the results were 
inconclusive. 
It is hoped that this investigation provides a solid ground- 
work for subsequent investigations. Of primary importance is the 
necessity to repeat the studies reported here with greater rigor 
and in a more two-dimensional flow field. Not only should more 
quantitative data be gathered for each study, but an extensive 
visual study of each case would be extremely useful. It would 
be interesting to investigate "the existence of relationships other 
than shedding frequency. One possibility would be to study the 
dependence of spanwise spacing of the cellular structures on 
Reynolds number and cylinder diameter. There is a need to estab- 
lish that the secondary vortices are generated by a free-shear 
instability. A good way to study this problem would be to measure 
the velocity and pressure fluctuations before and after separa- 
tion with laser-doppler velocimetry or with pressure transducers. 
Finally, it is important to conclusively verify the correlation 
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between the Bloor transition waves and the secondary vortices. 
That correlation would be very  helpful in understanding the vor- 
tex street phenomenon and the transition from vortex streets to 
turbulence. 
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5. CONCLUSIONS 
Secondary vortices generated in the near wake of circular 
cylinders were examined using two independent measuring techni- 
ques, hydrogen bubble-flow visualization and hot-wire anemometry. 
The results of a systematic evaluation of these measurements lead 
to the following conclusions: 
o secondary vortices and transition waves, 
previously observed by Bloor [3] appear to 
be identical phenomena. 
o the nondimensional shedding frequency of the 
secondary vortices is roughly proportional to 
the 0.9 power of Reynolds number. 
o the 0.5 power relation between nondimensional 
shedding frequency and Reynolds number reported 
by Bloor is incorrect. 
o the secondary vortices appear to result from a 
free-shear instability in the near-wake which 
causes the separated cylinder boundary layer to 
roll-up. 
o rapid distortion of the secondary vortices into 
cellular structures in the near-wake appears to 
result in a strong spanwise mixing which contri- 
butes to the transition from vortex streets to 
turbulence. 
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APPENDIX 1:    Spanwise Velocity Distribution 
Metzler [20] used a hot wire anemometer to measure the span- 
wise velocity distribution in the test section of the water chan- 
nel employed in the present investigation.    He reported measuring 
high speed regions near the side walls which were as much as 10% 
faster than the velocity at the channel centerline.    It was suf- 
ficient for Metzler's work that the spanwise velocity deviation 
in the center 10 cm of the channel was within 1% of the centerline 
velocity. 
The problem of high speed flow near the channel walls is 
very common in free-surface water channels.    The source of the 
problem lies  in the difficulty in manufacturing an ideal  inlet 
contraction.    For stability work, external  disturbances in    the 
flow, like large spanwise velocity distributions, are to be 
avoided. 
The spanwise velocity distribution was measured for flow 
rates covering the range encountered in the secondary vortex 
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investigation. A representative curve of the distribution nor- 
malized about the mean of the five points on the curve, 0.166 m/s 
is shown in Figure A1. Each point on the curve represents the 
average of ten velocity measurements, a velocity measurement 
being the time of transit measurement for a float, initially 
placed at the indicated spanwise location, over a distance of 
3 m. The standard deviations for these points are in all cases 
smaller than the size of the plot symbol. 
Three additional plots, made for different flow rates, were 
essentially identical in shape to the curve shown in Figure Al. 
These results are in agreement with the anemometry measurements 
reported by Metzler [20]. In fact, there are unplotted measure- 
ments indicating regions between the spanwise locations z/L = 
+/-0.333 and z/L = +/-0.500 with a mean velocity roughly 15% 
faster than the centerline velocity. 
Because this investigation is a stability study, the span- 
wise velocity variation caused considerable concern. However, 
while a velocity variation may have an effect on the secondary 
vortices, it is felt that the effect on this investigation was 
limited and that the objectives of this investigation can still 
be properly addressed. Specifically, there are two reasons to 
support this belief. 
Firstly, secondary vortices were also observed when a cylin- 
der was towed through a quiescent channel. This implies that 
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Figure Al Plot of the spanwise velocity profile in the channel 
test section normalized about the mean of the five 
data points, Do, = 0.166 m/s. 
the secondary vortex phenomenon is not a peculiarity created by 
the spanwise velocity distribution. Secondly, it was noted that 
the distribution was invariant over the entire range of flow 
rates used in this investigation. This implies that the effect 
of the velocity variation will be a one sided bias of the quanti- 
tative results (i.e. the variation should not introduce a random 
statistical error to the results). Thus, since the spanwise 
velocity variation was not the apparent cause of the secondary 
vortices, the only potential effect of the variation should be 
to bias the results, which should not invalidate the conclusions 
of the present investigation. 
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APPENDIX 2:    The Addition of Electrolyte to the Channel Water 
In his description of his method for generating hydrogen 
bubbles for flow visualization,  Metzler [20] suggested that the 
addition of small  amounts of electrolyte to the channel water 
greatly enhances the hydrogen bubble production.    Amounts greater 
than those prescribed by Metzler were found to further improve 
bubble production.    This  is because electrolysis  is current depen- 
dent; the rate of electrolysis is directly related to the ion 
mobility of the solution.    By doping the solution with an electro- 
lyte, the ion mobility of the solution is greatly enhanced. 
It was found that a small quantity of sulfuric acid,  lN-H^SO*, 
did a particularly good job in improving hydrogen bubble generation. 
This improvement is the twofold result of the high ion mobility of 
acid solutions and  the addition of extra hydrogen ions into the 
channel water (i.e.  H2S04 dissociates into two H+ ions, and one 
S04      ion).    The amount of power required to generate enough cur- 
rent for high quality hydrogen bubbles was reduced more than 
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eighty percent from the levels used by Metzler when a 0.005% acid 
solution was used in the channel water. 
The natural penalty of using acid in a channel is the decrease 
of the pH of the channel water. A 0.005% acid solution of IN-FLSO* 
in water reduces the pH of the channel water to approximately 
4.5-5.0. By comparison, the pH of water in the northeastern 
region of the United States is 6.0; coca-cola has a pH of 2.6. 
If a little care is exercised in protecting possible corrosion 
points in the channel, the effect of adding acid to the channel 
water will be negligible. 
The undesirable effects of acid in the channel can be 
reduced by buffering the channel water with a suitable salt. 
Sodium sulfate, Na^SO*, pairs well with sulfuric acid. For the 
0.005% acid water, 0.10 g of NapSO, was added for every liter of 
water. Not only does this buffer the channel pH, it also aug- 
ments the high ion mobility property of the acid. 
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APPENDIX 3: Test for the Equality of Two Lines 
Throughout this thesis, reference has been made to a 
Neter and Wasserman [23] test for the equality of two regression 
lines. In this appendix, that test will be outlined. 
A3.1 Definitions 
Consider two data sets, 1 and 2, made up of m and n points 
respectively, where uncertainty exists only in the ordinate 
measurements. The regression line of each data set given by: 
y = ai + b..x ; i =1,2 
model  the experimental  values, y- and x^. 
RSS denotes the residual sum of squares defined to be: 
RSS =   z (y. - [a+bx.])2 j     J J 
RSS-,, RSS-, and RSS are the residual sum of squares of set 1, 
set 2, and the combination of sets 1 and 2. 
The degrees of freedom, df, in this test will be two less 
than the number of points in each set. Thus, df-j = m-2, df,, = 
n-2, and df = m+n-2. 
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A3.2 Hypothesis Test 
HQ: a1 = a2 and b, = tu 
H,: a, 7* a2 and/or b, t  b? 
A3.3 Test Statistic 
F 
RSS^RSS^RSSg) 
VrTdf~raf2; 
RSS1+RSS2 
df 1 + df2 
Accept HQ if F*<l/{Q[F|2,(df1+df2)]= 0.1} 
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APPENDIX 4: Data 
To facilitate examination of this thesis, the data from the 
plots are included in this appendix. Table Al includes all of 
the flow visualization data grouped according to task, followed 
by Bloor's data (Table A2) and the anemometry data (Table A3). 
In each table, the "Figures" column indicates the figure(s) 
in which those data appear, The reader is referred to the original 
data sheets for the values of"the uncertainties. 
Note that in all cases the kinematic viscosity, v, is 
assumed to be 10" m2/s. 
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TABLE AT. Flow Visualization Data 
d(cm) 
2.54 
3.81 
4.83 
Re 
5.84 
2.54 
3.81 
3.81 
1408 
2808 
3458 
4558 
2169 
4312 
5413 
6488 
2929 
4402 
5922 
7505 
9025 
11,337 
5654 
7475 
8798 
10,925 
1692 
2297 
3075 
3800 
4425 
2125 
3313 
4375 
5350 
6550 
2415 
3538 
4729 
5850 
7113 
9100 
-1 
^d     Ms"')    Vs"') V'v 
0.461 1.29 2.80 0.883 3.40 3.85 1.091 7.10 6.51 1.449 11.58 7.99 
0.332 1.25 3.77 0.618 4.15 6.72 0.759 6.54 8.62 0.895 9.14 10.21 
0.260 1.42 5.46 0.382 2.26 5.92 0.502 3.70 7.37 0.615 
0.709 
7.03 
10.05 
11.43 
14.17 0.883 14.60 16.53 
0.346 2.34 6.76 0.448 4.27 9.53 0.529 
0.601 
6.80 
8.69 
12.85 
14.46 
0.504     - 1.60 3.17 0.670 2.44 3.64 0.913 4.05 4.44 1.078 5.72 5.31 1.285 7.46 5.81 
0.320 1.38 4.31 0.464 2.55 5.50 0.601 4.32 7.19 0.735 6.81 9.27 0.866 9.66 11.15 
0.335 1.23 3.67 0.499 2.03 4.07 0.647 4.07 6.29 0.783 6.92 8.84 0.931 
1.162 
8.10 
14.29 
8.70 
12.30 
Figures 
13,16,18 
13,14,15,16 
13,16 
16,17 
18 
14 
15 
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TABLE A2. Blnor's  Data 
d(cm)                         Re f/f 
                            d i/Tv                          Figures 
0.63                         1297 o co I 2.52                               ?n ?o 
2801 s.nfi                            ^U'^ 
4244 
2
-54 5225 
5225 
12,203 
 
5 .06 
5, .98 
7. ,70 
8. ,25 
12. 77 
3-81 2513 0.352 
3713 0.508 
4788 0.664 
6038 0.820 
7350 0.937 
9388 1.172 
4.83 4513 0.391 
6191 0.508 
7505 0.586 
8962 0.703 
5-84 5712 0.352 
7322 0.430 
9200 0.547 
10,561 0.586 
1.56 4.43 
3.13 6.16 
4.69 7.06 
7.81 9.52 
8.59 9.17 
9.40 8.02 
1.56 3.99 
4.30 8.47 
6.25 10.67 
8.98 12.77 
2.344 6.66 
4.727 10.99 
6.250 11.43 
7.422 12.67 
20,22 
TABLE A3.    Anemometry Data 
d(cm) Re. f (s"1) f / -K .  , 
  £ vK       ' T-ps    / r'v Figures 
20 
20 
20 
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